Background/Aims: Induced pluripotent stem (iPS) cells generated from accessible adult cells of patients with genetic diseases open unprecedented opportunities for exploring the pathophysiology of human diseases in vitro. Catecholaminergic polymorphic ventricular tachycardia type 1 (CPVT1) is an inherited cardiac disorder that is caused by mutations in the cardiac ryanodine receptor type 2 gene (RYR2) and is characterized by stress-induced ventricular arrhythmia that can lead to sudden cardiac death in young individuals. The aim of this study was to generate iPS cells from a patient with CPVT1 and determine whether iPS cell-derived cardiomyocytes carrying patient specific RYR2 mutation recapitulate the disease phenotype in vitro. Methods: iPS cells were derived from dermal fibroblasts of healthy donors and a patient with CPVT1 carrying the novel heterozygous autosomal dominant mutation p.F2483I in the RYR2. Functional properties of iPS cell derived-cardiomyocytes were analyzed by using whole-cell current and voltage clamp and calcium imaging techniques. Results: Patch-clamp recordings revealed arrhythmias and delayed afterdepolarizations (DADs) after catecholaminergic stimulation of CPVT1-iPS cell-
In vitro

Introduction
In vitro culture of cardiomyocytes isolated from patients with arrhythmias or other inherited heart diseases may advance our understanding of disease mechanisms at the molecular and cellular level and enable development of new therapeutic strategies. However, cardiomyocytes that can be obtained from patient biopsies have a disadvantage of not being easily accessible at sufficient quantities and of having only a short survival time in vitro. Induced pluripotent stem (iPS) cells [1] represent an alternative, easily accessible and expandable source of disease specific cell types, and thus offer an unprecedented opportunity to investigate the molecular mechanisms of disease in vitro, and develop new drugs or test their toxicity [2, 3] .
It is now firmly established that human iPSC-derived cardiomyocytes have similar molecular and functional properties to those of their embryonic stem cell (ES) cellderived counterparts, suggesting that they may represent a suitable in vitro experimental model [4] [5] [6] [7] [8] [9] [10] . In addition to human in vitro iPS cell-based disease models for a large number of non-cardiac diseases [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , iPS cell models have been also established for congenital diseases affecting the heart. So far, the heart disease specific iPS cells have been reported for the LEOPARD syndrome [24] and the three long-QT syndromes LQTS1 [25] , LQTS2 [26, 27] and Tymothy syndrome [28] . These studies have demonstrated that cardiomyocytes differentiated from these iPS cells exhibit the cardiac electrical disturbances characteristic of each particular disease. Moreover, the disease phenotype in LQTScardiomyocytes could be reversed by specific drugs, confirming the potential of these models for use in drug development.
Catecholaminergic polymorphic ventricular tachycardia (CPVT) is an inherited cardiac disorder characterized by emotional and physical stress-induced ventricular tachyarrhythmia, syncope and sudden cardiac death in children and young adults [29] . CPVT affects about one in 10,000 people and it is estimated to cause 15% of all unexplained sudden cardiac deaths in young people [30] . In 30-40% of cases, the autosomal dominant form of CPVT (type 1) has been linked to mutations in the cardiac ryanodine receptor type 2 gene (RYR2) encoding a Ca 2+ channel in the membrane of the sarcoplasmic reticulum (SR). However, a rare autosomal recessive form of CPVT (type 2) is caused by mutations in the calsequestrin-2 gene [31] . To date, more than 150 mutations have been identified in the RYR2 gene in CPVT1 (MIM 604772; http://www.fsm.it/cardmoc/) [32] . Studies based on in vitro expression of mutant RYR2 in heterologous cell systems [33] and transgenic mice carrying specific RYR2 mutations [34] suggested that arrhythmias in CPVT1 are precipitated by the diastolic Ca 2+ leak from the SR triggering delayed afterdepolarizations (DADs) following catecholaminergic stimulation [35, 36] . However, the exact mechanism leading to this defect is not completely understood and models for investigating the pathogenesis of this disease and developing better treatment strategies using easily accessible human patientspecific cardiomyocytes are still missing. In this study we have generated iPS cell lines from a patient with CPVT1 carrying the novel mutation p.F2483I in the RYR2 gene and show that cardiomyocytes derived from mutant cells recapitulate the disease phenotype in vitro, thus offering a new tool for studying the molecular basis of this disease and improving its pharmacotherapy.
Materials and Methods
Reprogramming and cell culture
The collection of skin biopsies from the patient and healthy volunteers was approved by the Ethics Committee of the Medical Faculty of the University of Cologne (permit No. 08-262) and was carried out after informed consent. Biopsy specimens were cut into small pieces and placed on culture dishes to allow for fibroblast expansion. At third passage, 20,000 cells were infected with equal amounts of pMXs-based retroviruses (Addgene) encoding the human genes OCT3/4, SOX2, KLF4, and c-MYC as described previously [1, 37] . Cells were transduced in the presence of 4 μg/ml polybrene (Sigma) derived cardiomyocytes. Calcium imaging studies showed that, compared to healthy cardiomyocytes, CPVT1-cardiomyocytes exhibit higher amplitudes and longer durations of spontaneous Ca 2+ release events at basal state. In addition, in CPVT1-cardiomyocytes the Ca 2+ -induced Ca 2+ -release events continued after repolarization and were abolished by increasing the cytosolic cAMP levels with forskolin. Conclusion: This study demonstrates the suitability of iPS cells in modeling RYR2-related cardiac disorders in vitro and opens new opportunities for investigating the disease mechanism in vitro, developing new drugs, predicting their toxicity, and optimizing current treatment strategies.
for 8 h per day for 2 days and maintained in high glucose DMEM, 10% fetal bovine serum (FBS), 1% nonessential amino acids (NAA), 1x penicillin/streptomycin, L-glutamine, 0.1 mmol/ L -mercaptoethanol ( ME) and 50 ng/ml bFGF (Peprotech), (DFBS medium). Six days after the first infection, 10,000 cells were plated on gelatin-coated 60 mm dishes containing 5×10 5 irradiated CF1 MEFs. From day 7, plates were maintained in DFBS-containing medium supplemented with 20 μg/ml vitamin C and 1 mM valproic acid (Sigma). ESC-like colonies appeared between day 21-30 after the first infection. Putative ESC-like colonies were mechanically picked and expanded for subsequent validation. Established iPSC colonies were maintained on MEFs in DMEM/F12 medium supplemented with Glutamax, 20% knockout serum replacer, 1% NAA, 0.1 mmol/L ME and 50 ng/ml bFGF. Cells were passaged by manual dissection of cell clusters every 5-6 days. If not stated otherwise, all cell culture reagents were obtained from Gibco/Invitrogen. The human iPS cell line derived from foreskin fibroblasts, clone 1 (iPSC1), was kindly provided by James Thomson (University of Wisconsin, Madison, WI, USA) [38] . Human ES cell lines H1, H9 and HES-2 (WiCell Research Institute, Madison, WI, USA) were used as controls. Work with human ES cells has been approved by the regulatory authorities at the Robert Koch Institute, Berlin, Germany (permit number 1710-79-1-4-2-A10).
Cardiac differentiation
Cardiac differentiation of human iPS and ES cells was carried out on the murine visceral endoderm-like cell line END2 in Knockout-DMEM containing 1 mM L-glutamine, 1% NAA, 0.1 mmol/L ME and Penicillin/Streptomycin as described earlier [4, 39] . The co-culture was left undisturbed at 37°C for 4 days. First medium change was performed on day 5 and later on days 9, 12 and 15 of differentiation. Spontaneously contracting clusters or single cardiomyocytes were used for experiments on day 20-30 of differentiation.
RT-PCR and quantitative RT-PCR
Total RNA was isolated using TRIzol Reagent (Invitrogen) and cDNA was synthesized for semiquantitative or quantitative RT-PCR as described previously [4] . For semiquantitative RT-PCR cDNA was amplified using JumpStart TM RedTaq ReadyMix TM PCR Reaction Mix (Sigma). For quantitative RT-PCR the cDNA samples were amplified using SYBR Green PCR Master Mix (Qiagen). GAPDH PCR-product was used as a reference. Primers are listed in Table 1 .
Human iPS Cell Model of CPVT Table 1 . List of primer sequences used for PCR analyses. rv -primers used for amplification of retroviral sequences; seq -primers used for sequencing.
Immunocytochemistry
Undifferentiated hES and iPS cells were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100 and blocked with 5% FBS and then stained overnight at 4°C with primary antibodies against SOX2, NANOG (Stemgent), TRA-1-60 (BD Pharmingen), OCT4, TRA-1-80 or SSEA4 (Santa Cruz). Nuclei were counterstained with Hoechst 33342. Samples were embedded in ProLong Gold antifade reagent (Invitrogen) and observed on an Axiovert Microscope (Carl-Zeiss) equipped with the image processing software Axiovision 4.5. Beating areas from differentiations of hES and iPS cell cultures were microdissected on day 25 of differentiation and dissociated into single cells by trypsinization. Single cardiomyocytes were plated on μ-dishes35 mm, low (Ibidi GmbH) coated with fibronectin (2.5 μg/ml). 3-5 days after plating, the cells were fixed with 4% paraformaldehyde and stained as described above with anti-sarcomeric actinin (Sigma-Aldrich) and anti-RYR2 (Santa Cruz).
Bisulphite pyrosequencing
Genomic DNA was isolated from indicated cells using the DNeasy Blood and Tissue Kit (Qiagen) and bisulfite treatment was performed using the EpiTect Bisulfite Kit (Qiagen). The methylation status of the promoters of OCT4 and NANOG was analyzed by bisulfite pyrosequencing on a PSQTM 96MA Pyrosequencing System (Biotage, Uppsala, Sweden) with the PyroGold SQA reagent kit (Biotage) [40] . Primers for bisulfite pyrosequencing are listed in Table 2 . Pyro Q-CpG software (Biotage) was used for data analysis.
Microsatellite analysis
Genotype analysis of cell lines was performed using 12 highly informative microsatellite markers (D16S2621, D17S1303, D18S70, D18S976, D19S840, D1S466, D20S887, D22S280, D3S1768, D4S2632, D6S1045 and GAAT1A4). Fluorescently labelled PCR products were electrophoresed and detected on an automated 3730 DNA Analyzer and data were analyzed using Genemapper software version 3.0 (Applied Biosystems).
Karyotyping
Cytogenetic analysis was performed using standard Q-banding chromosome analysis by the certified cytogenetic laboratory of the Institute for Human Genetics (University of Mainz, Germany) according to standard procedures [41] .
Teratoma assay iPS cells (2-3×10
6 cells/mouse) were injected as cell clumps subcutaneously into immunodeficient Rag2 -/-c -/-mice obtained from Mamoru Ito (Institute for Experimental Animals, Tokyo, Japan). Teratomas were formed about 5-7 weeks later and consisted mostly of tissues and some cysts. Tumors were fixed in 4% paraformaldehyde, embedded in paraffin and later subjected to histological analysis by H&E staining.
Recording of action potentials
Action potentials (APs) of spontaneously beating single cardiomyocytes were measured using the whole-cell current clamp technique (EPC-9 amplifier and the PULSE software package, Heka Elektronik, Lambrecht, Germany). Microdissected beating clusters (BCs) were enzymatically dissociated with collagenase B at day 20-30 of differentiation and single CMs were plated onto glass cover slips and incubated for 48 hours prior to measurements. Cell membrane capacitance was determined on-line. Experiments were performed at 37°C in standard extracellular solution containing (in mM) 140 NaCl, 5.4 KCl, 1.8 CaCl 2 , 1 MgCl 2 , 10 HEPES and 10 D-Glucose (pH adjusted to 7.40 at 37°C with NaOH). Patchclamp pipettes were filled with intracellular solution containing (in mMol/l) 50 KCl, 80 K-Aspartate, 1 MgCl 2 , 3 Mg-ATP, 10 EGTA and 10 HEPES (pH adjusted to 7.40 with KOH). Isoproterenol (Iso) containing solutions were prepared freshly before the experiments, and applied using gravitational flow for 2 min prior to data collection. Electrophysiological data was analyzed using custom made software.
Multi-Electrode Array (MEA) measurements
Extracellular recordings of field potentials (FP) were performed using the 1060-Inv-BC amplifier and microelectrode arrays (MEA) data acquisition system (Multichannel Systems, Reutlingen, Germany) as described previously [4, 42] . Beating clusters derived from iPS and ES cells were microdissected on day 20-30 of differentiation, plated on fibronectin (1 μg/ml)-and gelatine (0.1%)-coated MEA-plates and measured 24 hours after attachment. Standard measurements were performed at a sampling rate of 2 kHz in serum-free IMDM at 37°C. Data were analyzed off-line with MATLAB (The Mathworks, Natick, MA, USA). Home-made software based on LabView (National Instruments, Austin, TX USA) was used for analysis of interspike intervals (ISI). ISIs were defined as the time interval between two consecutive FP minima. The arrhythmicity of BCs before and after exposure to Iso (1 μM) was assessed by Poincare plots that allow visualization of long-and short-term beating variability. . Drugs dissolved in external solutions were rapidly (<50 ms) applied in close proximity to the cells using an electronically controlled multibarrelled puffing system the common outlet of which was placed in close proximity of the cell [43] . Application of 5-10 mM caffeine, 5 μM forskolin or 100 μM of 8-Br-cAMP (Sigma) in the external K + -free solutions was used to probe the cellular Ca 2+ stores or spontaneous Ca 2+ releases induced by phosphorylation of the RyR2. In voltage-clamped cells, confocal images of Ca 2+ -dependent fluorescence were recorded at 0.1, 30, or 120 frames/s with a Noran Odyssey XL rapid twodimensional laser scanning confocal microscopy system (Noran Instruments, Madison, WI) attached to a Zeiss Axiovert TV135 inverted microscope with a water-immersion objective lens (40×, NA 1.2, C-apochromate). The 488 nm line of an argon ion laser was used for excitation while emission was measured at > 515 nm. Non-dialyzed cells were examined confocally in the linescan mode. Cells loaded with Fluo-4AM (5 μM for 15 min at 22-24°C) in Tyrode's solution (in mM: 140 NaCl, 1 MgCl 2 , 5.4 KCl, 2 CaCl 2 , 10 D-Glucose, 10 HEPES, 2 Na-Pyruvate) were transferred to the stage of an inverted Olympus FV1000 confocal microscope (488 nm excitation at 0.1% intensity, >505 nm emission).
Confocal measurements of Ca
Image analysis
The average resting fluorescence intensity (F 0 ) of 2-dimensional confocal fluorescence images of voltage-clamped, dialyzed cells was calculated from several frames measured immediately before drug application. Images were filtered by 4×4 pixel averaging. The amplitudes of the Ca 2+ -dependent cellular fluorescence signals were quantified as F/F 0 = F/F 0 -1, where F is the time-dependent and the F 0 is the average of several frames before or between the Ca 2+ releases. F and F 0 were either integrated over the entire cell or were measured in specific regions. Line scans from non-dialyzed cells were background-corrected, 8-bit digitized , and analyzed graphically using a 3D surface plot routine (implemented in the ImageJ software,Wayne Rasband, NIH) thereby producing readouts of peak amplitude (F max ) vs base-line intensity (F 0 ) as an indicator of [Ca 2+ ] i as well as FDHM (Full Duration at Half Maximum).
Statistical analysis
Data are presented as mean standard error of mean (SEM). Statistical analyses were performed by two-tailed Student's t-test or paired t-test (p-value <0.05 was considered significant).
Results
Characterization of CPVT1-specific iPS cell lines
In order to generate CPVT1-specific iPS cells we have obtained a skin biopsy from a 46-year old woman with a diagnosis of CPVT1 (Fig. 1 ) who carried the missense mutation p.F2483I caused by a 7447T>A nucleotide substitution in exon 49 of RYR2. This mutation is localized in the FKBP12.6 binding domain of the RYR2 protein. Retroviral overexpression of the four transcription factors OCT4, SOX2, KLF4 and cMYC was used to induce pluripotency in healthy volunteer-and patientderived dermal fibroblasts. Four different iPS cell clones (c1, c2, c5, and c6) were generated from CPVT fibroblasts and one clone (iPSC2) from normal fibroblasts. The presence of the patient-specific mutation was confirmed in CPVT iPS cells but not in control ones (Fig.  2a) . All generated iPS cell lines presented a human ES cell-like colony morphology (Fig. 2b) and alkaline phosphatase activity (Fig. 2c) . They expressed the endogenous pluripotency markers at the protein (Fig. 2d,e) and transcript level (Fig. 2f) , and silenced the expression of retrovirally encoded reprogramming factors (Fig. 2g) . The methylation pattern in promoter regions of OCT4 and NANOG genes was undistinguishable from that of conventional ES cells in all CPVT-iPS cell lines (Fig. 2h) , and the chromosomal structure was normal in a cytogenetic analysis (Fig. 2i) . Furthermore, these iPS cells formed teratomas in immunodeficient mice, which consisted of derivatives of all three germ layers (Fig. 2j) . or iPS cell lines in our laboratories (data not shown).
Differentiation of CPVT1 iPS cells to cardiomyocytes
We used coculture with the murine visceral endoderm-like cell line END2 to differentiate CPVT1 and control iPS cells (iPSC1, iPSC2) as well as conventional human ES cells (H1, H9, HES2) to cardiomyocytes in vitro. All iPS and ES cell lines showed a comparable cardiac differentiation potential with approximately 20-23% of embryoid bodies giving rise to spontaneously contracting areas after 8-9 days of differentiation. Immunocytochemical staining for the sarcomeric Z-disc protein -actinin revealed that CPVT1 cardiomyocytes display a somewhat disorganized pattern of cross-striations (Fig. 3a) typical of immature ES-or iPS-cardiomyocytes [4] . Costaining for RYR2 showed a spotted pattern of expression in the cytosol and in the perinuclear region adjacent but not explicitly localized to Z-bands (Fig. 3a) , consistent with previous reports for human ESC-derived cardiomyocytes [44] . At the transcript level, microdissected beating clusters (BCs) derived from control cell lines and CPVT1 iPSCs expressed comparable levels of RYR2, FKBP1B (encoding for the FK-506 binding protein FKBP12.6), CASQ2 (encoding for cardiac calsequestrin) and genes encoding several cardiac structural proteins (Fig.  3b) . These data suggest that CPVT1 BCs contain cardiomyocytes with features similar to those of control cell lines.
Analysis of arrhythmicity of beating clusters
In order to study the characteristic arrhythmic propensity of CPVT1 patients in CPVT cardiomyocytes we first recorded field potentials from whole BCs that were plated on microelectrode arrays (MEA). MEA traces from 15 control BCs (10 iPS cell-derived and 5 ES cellderived) and 22 BCs from three CPVT1 iPS cell subclones were analyzed using Poincarè plots to assess the variability of their interspike intervals at baseline and after stimulation with -adrenergic agonist isoproterenol (Iso). Only 2 of 15 control BCs (13.3%) were arrhythmic prior to and after Iso application. In contrast, 5 of 22 (22.7%) CPVT BCs showed arrhythmic activity at basal conditions and 7 of 22 (31.8%) were arrhythmic upon Iso application. Although differences between control and CPVT BCs did not reach statistical significance, the higher tendency to arrhythmia of undissociated BCs from CPVT iPS cell clones as compared to control BCs at baseline and upon adrenergic stimulation suggest that cardiomyocytes within CPVT clusters may exhibit a disease-specific phenotype. 
Action potentials from control and CPVT1-iPS cell-derived cardiomyocytes
The electrophysiological hallmark of cardiomyocytes expressing CPVT1 associated RYR2 mutations are delayed afterdepolarizations (DADs) that occur after adrenergic stimulation [45] [46] [47] . To determine whether the RYR2 mutation described above causes this typical disease phenotype, the whole-cell patch clamp method was used to record action potentials (APs) in single cardiomyocytes before and after Iso treatment. All control and CPVT1 cell lines gave rise to comparable numbers of nodal-, atrialand ventricular-like cells (Fig. 4) and the AP parameters of cardiomyocytes derived from three different clonal CPVT iPS cell sublines were indistinguishable from each other as well as from control ES and iPS cell-derived cardiomyocytes (data not shown). All of 32 control cardiomyocytes (20 ES cell-and 12 iPS cell-derived) showed the expected positive chronotropic response to 1 μM Iso without generating arrhythmia (Fig. 5a,b ). In contrast, 22 out of 38 CPVT cardiomyocytes (57.9%) showed negative chronotropy to Iso applications and 13 out of 38 RYR2-mutant cells (34.2%) developed arrhythmia and putative DADs upon Iso application (Fig. 5c,d,e) . These responses were consistently recorded in cardiomyocytes derived from all three clonal CPVT sublines. The occurrence of DADs in a large fraction of CPVT cardiomyocytes indicates that these cells recapitulate the disease-specific abnormalities seen in CPVT patients [46] and animal models of this disease [48] . 
Human iPS Cell Model of CPVT
Calcium handling in control and CPVT1-iPS cellderived cardiomyocytes
It is widely accepted that DADs and subsequent arrhythmias in RYR2-mutant cardiomyocytes are caused by uncontrolled Ca 2+ release from the SR during diastole [36] . In order to detect Ca 2+ handling abnormalities in spontaneously beating CPVT1 cardiomyocytes, we used confocal fluorescence imaging under the line-scan mode to analyze local Ca 2+ release events in cells loaded with the Ca 2+ indicator Fluo-4. These analyses showed that CPVT cardiomyocytes exhibit higher amplitudes (Fig. 6a ) and longer durations (Fig. 6b) of spontaneous local Ca 2+ release events (Fig. 6c) already at basal state. These observations are consistent with aberrant SR Ca 2+ release in cells expressing mutant RYR2 that underlie CPVT1 [33, 34] .
To gain further insight into Ca 2+ handling abnormalities in CPVT1 cardiomyocytes under more controlled conditions, cells were voltage-clamped in the whole cell configuration and the sarcolemmal Ca 2+ currents (I Ca ) activated by depolarizing pulses and Ca 2+ transients were measured by confocal microscopy. Calcium stores in CPVT1 cardiomyocytes were robust and could be released by caffeine (data not shown). When the cells were depolarized from -60 mV to 0 mV large I Ca (~8-10 pA/pF) accompanied by rapidly activating Ca 2+ transients were observed in CPVT1 cardiomyocytes (Fig.  6d-f) . Although robust Ca-transients were triggered by activation of I Ca (Ca 2+ induced Ca 2+ release, CICR) at 0 mV and by I Ca tail currents on repolarizations from positive potentials (>+60 mVs), it was also consistently noted that the Ca 2+ release from internal Ca 2+ stores continued long after repolarization of the membrane (Fig. 6f) . Consistent with the slow decay of global Ca 2+ transients following the depolarizing pulses, we regularly observed a steep rise in cytosolic Ca 2+ when cells were exposed to 5 μM forskolin (Fig. 6g) or 100 μM 8-Br-cAMP (not shown), that were sustained and appeared not to be reversible. -transients (panel j vs. l) observed in the presence of forskolin was most likely related to the large and sustained rise of cytosolic Ca 2+ , which also was accompanied by a reduction in the caffeine-induced Ca 2 release (not shown) suggesting depletion of the RyR2-gated Ca 2+ stores.
Discussion
In this study we have generated iPS cell lines from a patient with CPVT1 carrying a novel mutation in the FKBP12.6-binding region of RYR2. Frequent DADs and arrhythmias in CPVT cardiomyocytes exposed to adrenergic agonists were consistently observed. These DADs closely resemble the DADs that were observed on endocardial monophasic action potential recordings in intact hearts of CPVT patients after isoproterenol infusion [46, 47] and those recorded in isoproterenol-stimulated ventricular myocytes isolated from a mouse model of CPVT harboring a R4496C mutation in RYR2 [48] . Global cytosolic Ca 2+ transients were irregular in a fraction of Iso-treated cells and local Ca 2+ -releases were of higher amplitudes and longer durations compared to control cells. increases that continued to rise even after I Ca was deactivated on repolarization of the membrane. Of direct relevance to the clinical translational implication of this RYR2 mutation, we found an abnormal Ca 2+ response to phosphorylation induced by increased cAMP levels where cells appeared to have poorly regulated global Ca 2+ releases that were followed by failure of CICR in the phosphorylated cells. The occurrence of DADs and arrhythmias on Iso exposure, abnormal sensitivity to phosphorylation and cAMP-mediated regulation, the tendency for I Ca -triggered Ca 2+ release to continue following repolarization were all consistent with the idea that this particular RYR2 mutation may increase the open probability of RYR2 especially upon adrenergic stimulation thus making patients carrying this mutation susceptible to ventricular tachycardia [47] .
The central event regulating cardiac muscle contraction is a rapid transient elevation of cytosolic Ca 2+ resulting from CICR. In this process, depolarizing action potential (AP) induces a small influx of Ca 2+ through the plasmalemmal voltage-gated calcium channels (Ca V 1.2), triggering, in turn, cytosolic release of Ca 2+ from the SR into the cytosol through RYR2. Ca 2+ -release via RYR2 is regulated by several physiological mechanisms. One potential mechanism includes the FK-506 binding protein (FKBP12.6, also known as calstabin 2), which binds to the cytosolic surface of each RYR2 monomer and stabilizes the closed state of a homotetrameric RYR2 channel [49] . It has been proposed that protein kinase A-induced RYR2 phosphorylation leads to dissociation of FKBP12.6 from the RYR2 complex, increasing the open probability of the channel and sensitivity to Ca 2+ -dependent activation [50] . Wehrens and colleagues proposed that RYR2 mutants reduce the binding affinity of RYR2 for the regulatory protein FKBP12.6, which worsens when RYR2 is phosphorylated upon adrenergic stimulation and promotes Ca 2+ leakage from the SR [51, 52] . The molecular mechanism by which the novel RYR2 mutation p.F2483I described in this study alters the activity of RYR2 is not clear. Since this mutation is localized in the FKBP12.6-binding region of RYR2 it may destabilize the interaction of this stabilizing protein with RYR2 and contribute to the disease phenotype. By using the iPS cell-based CPVT1 model the molecular mechanism of electrophysiological abnormalities can be studied. Experimental compounds such as K201, a derivative of 1,4-benzothiazepine formerly called JTV519 [52, 53] and its more selective RYR2-specific derivative S107 [54] enhance the binding of FKBP12.6 to the mutant RYR2 and could be used to probe the mechanism of the disease in this model.
Since adrenergic stimulation is critical in triggering arrhythmia, beta-blockers are considered as the mainstay of CPVT therapy [55, 56] . However, the fact that about 30% of CPVT patients taking -blockers depend on implantable cardioverter-defibrillator to prevent lifethreatening arrhythmias emphasizes the need for better understanding the mechanism of this disease and the identification of new more potent drugs. The CPVT1 iPS cell derived-cardiomyocytes described in this study represent a unique platform that can be used for drug screening and development of optimized patient-tailored therapies. In addition to beta-blockers, this in vitro system could be used for testing other promising drugs such as flecainide, dantrolene and carvedilol. Flecainide, a class Ic antiarrhythmic drug, may have the ability to support the antiadrenergic effect of beta-blockers, because it has been shown to prevent arrhythmia in CPVT patients and RYR2 mutant mouse models. This effect is most likely mediated by reducing the availability of sodium channels in the plasma membrane [57] or by directly blocking RYR2 in the SR [58] . Dantrolene, a drug normally used for treatment of malignant hyperthermia due to its ability to block skeletal RYR1, was also found to inhibit Ca 2+ leak through the cardiac RYR2 by correcting the defective inter-domain interaction between N-terminal and central (harboring FKBP12.6 binding region) domains of RYRs [59] . These authors also showed that dantrolene prevented ventricular tachycardia in knock-in mice bearing the human R2474S RYR2 mutation, but its applicability in clinical setting has not yet been investigated. In a recent report Zhou and coworkers have demonstrated that carvedilol, a non-selective beta-( 1/ 2) and alpha ( 1)-blocker, also directly acts on RYR2 by reducing its open probability and spontaneous Ca 2+ waves [60] . Its new synthetic analog VK-II-86 prevented stress-induced ventricular tachyarrhythmias in RYR2-mutant mice, but its effect in CPVT patients has not been well assessed. Therefore, the use of iPS cell-based human models carrying the genetic constitution of each particular patient will increase the predictive power of in vitro drug testing and has the potential to overcome limitations inherent to animal models of human heart diseases and surrogate cell culture systems [61] .
The potential of the iPS cell-based models for studying the disease mechanism and predicting drug efficacy will greatly depend on further improvements in the reprogramming technology and on optimized cardiac differentiation and maturation protocols. The iPS cell lines used in this study contain sequences of reprogramming transgenes stably integrated into their genome at random sites. We have observed that exogenous SOX2 and c-MYC were partially reactivated in some iPS cell clones. This phenomenon alone or together with the insertional mutagenesis by retroviruses may have caused the variability that we have observed in the expression of pluripotency markers SOX2 and NANOG between different clones of undifferentiated iPS cells as well as the differences in the expression of some cardiac specific markers in different clones of iPS cell-derived beating clusters. It is also possible that ectopic expression of retroviral reprogramming factors or deregulation of gene expression by retroviral insertions could affect functional properties of iPS cell-derivatives. This notion is supported by observation that iPS cells generated by non-integrating reprogramming methods are transcriptionally more similar to ES cells than those generated with stably integrating viral vectors [62] . Therefore, reprogramming methods that allow generation of genetically intact iPS cell lines should be favoured for establishment of disease models in future studies. However, it is very likely that even in such cell lines there will be still a certain degree of variability in gene expression profiles and differentiation capacities of different iPS cell lines and functional properties of their differentiated derivatives. It is well known that this variability exist even between different human ES cell lines as well as ES and iPS cell-derived cardiomyocytes [9, 63] . Therefore, the limitation that variation between the clones could impose on use of iPS cells for disease modelling could also be overcome by including sufficient numbers of control and diseased iPS cell lines for functional studies, as we have done in this report.
In conclusion, we have established the first in vitro human iPS cell-based model of CPVT1 and demonstrate that iPS cell-derived cardiomyocytes with RYR2 mutation reported here reflect the Ca 2+ signalling phenotype of CPVT1 patients and provide a new platform for investigating the mechanism underlying this disease and its pharmacotherapy.
